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The past few years have seen remarkable progress in research on the structure and function
of antibodies. In our own work we have shown that it is possible to obtain extensive significant
information on the composition and structure of antibody combining sites using NMR, together
with nitroxide spin-label haptens (Angistr tLa., 9,-, 19&5 -nd 19871rey-et a., 94). (&
This derived information includes the amino acid composition of the combining site region, that
is, the number of tyrosines, alanines, etc. that are within T0(..lhdlecticiion the ..........
paramagnetic hapten. In antibody molecules there are typically 40-50 amino acids inthis.,
combining site region. We have shown that NMR titration data can be used to estimate distances fpr'O.
'between individual protons on amino acid side chains and the odd electron (A lister et.al.,
'1984b; Frey et. al., 1988). These measured distances extend out to about 2YAj to- --in
distancesof the order of 3-&AYSff"6rner distances can sometimes be estimated from huclear
magnetization transfer experiments. The NMR data also provide a powerful and convenient
means of obtaining the on-off kinetics of hapten-antibody reactions, using resonance signals
from the hapten as well as from the protein. v t:. - -

- Our NMR studies are being carried out on 12 monoclonal anti-dinitrophenyl nitroxide spin
label antibodies that we have prepared and sequenced (cDNA) (Leahy et al., 1988). Theoretical
models for the Fab fragments of all of these antibodies have been made in collaboration with Dr.

W rZ Michael Levitt (unpublished). A major purpose of our current work is to compare these
;9l ., theoretical structure models and the NMR data. An essential requirement for this work is the
i! = production of antibody mutants that can be used to obtain rigorous NMR assignments.

Z o " Figures I and 2 show schematically the sequence similarities of the Fab fragments of the
0 o antibodies ANO-AN12. Somee pairs of these antibodies have sequences that are very similar in

both heavy and light chains (AN01,2,3), or (AN05,6), some pairs have similarities in only the
0. heavy chains (AN04,11,12), and other pairs have similarities in only the light chains (AN07-
11 a . ANIO). Clearly many sequences can accommodate the same hapten. Since germline antibody

genes doubtless evolved long before dinitro-phenyl was first synthesized, we have developed an
interest in the question of whether the germline antibodies would also recognize the
dinitrophenyl nitroxide spin label hapten. If the germline antibodies did not recognize this
hapten, then we would conclude that their specificity/affinity was largely developed through
somatic mutation. If the germline antibodies did recognize the dinitrophenyl nitroxide spin label
hapten with essentially the same specificity/affinity, then we would conclude that the specificity
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-20 -10 1 10 20 27

1 1 1 i 1 ABC

ANO2 MDFQVQIFSFLLISASVILSRGQIVLTSPAIMSASPGEKVTMTCSASS

AN01 ............ M ..... M ............ L .................
ANO3 ........ M ..... M ............ L .................
AN09 ... ......... EN......... . IV... L .... .. S.R...
AN05 MRCSLQFLGVLMFWISGVS.D..1. .DELSNPVAS. .S.SIS.RSTKSLL
AN06 MRCSLQFLGVLMFWISGVS.D. .I. .DELSNPVTS. .S.SIS.RSTKSLL
ANO4 MR.LAELLG.LLFCFLGV.CD.QN... SSL... L.DTI.I..H. .Q
ANOB 14RF.VQVLG.LLLWISGAQCDVOI .... SYLA ..... TIIIN.R. .K
AN11 MVFTPQILG.MLFWISA... D ......... TL.VT. .DS.SLS.R. .Q
AN12 MHHTSMGIKMES. .QV.VFVFLWLSGVD.D..M ... .HKF..T.V.DR.SI..K..Q
ANO7 MAW.SLI.SLL.LSSGAIS.A.V..ES. LTT .... T..L..RS.N

ANIO MAW.SLI,SLL.LSSGAIS.A.V..ES. LTT .... T..L..RS.T

30 40 50 60 70 80

DEF I I I I I I

AN02 SVYYMYWYQQKPGSSPRLLIYDTSNLASGVPVRFSGSGSGTSYSLTISRHEAEDAA
ANO . .S..F ..... ..KPW..L ..... A ................ S ......
ANO3 ..S..F ..... ..KPW.FL ......... A ... R ........... S .......
ANO9 ..N..F ..... SDA..K.W..Y ... P.. .A ........ N ....... S.AG ....
ANO5 YK DGKT.LN.FL.R..Q..Q .... LM.TR .... SD ......... DFT.E... VK... VG
ANO6 YK DGKT.LN.FL.R..Q..Q .... LM.TR .... SD ......... DFT.E...VK... VG

ANO4 NINVWLS ....... NI.K .... KA... HT ... S .......... FT ... SLQP..I.
AN08 SISK.LA... E... KTNK .... SG.T.Q..I.S ......... DFT .... SL.P.,F.
AN11 SVSNNLH.F... SHE ...... KYA.QSI..I.S ......... DFT.S.NSV.T..FG
AN12 DVSTAVA ....... Q..K .... SA.YRYT... D..T ...... DFTF ... SVQ ... L.

ANOl GAVTTSN.AN.V.E..DHLFTG..GG.N.R.P...A ..... LI.DKAA ... TGAOT..E..... _____

AN10 GAVT.SNSVK.V.E..DHLFTG..GGSN.R.P...A ..... LI.DKAA...AGAQT..E A. :&iur For

90 95 100 106 109 IiS CFA&I
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I ABCDEF I Al 1 0 .. -
.h .t 1:

ANO2 TYYCQQWSSYPP ITFGVGTKLEL KRA
ANO1 ......... N.. .... S ..... I ...

ANO3 ....... N.!.. .... A ...... ... By
ANO9 ...... FT.S. S.. .A ........ DI:
ANO5 V .... LVEF. L... A ..........
ANO6 V .... LVEF. L... A ...... ... .. , e

ANO4 .... .. GO... L.L.G ..... I ...
ANO8 M .... HNE.. Y...G ..... I ... fA
AN11 M.F...SN.W. F...G ..... I ... Disti
AN12 V.. .H.Y.S. Y...G ..... I ...

ANO7 I.F.AL.Y.NH LV..G .... TVLGQP

ANIO V.F.AL.Y.NH LV..G.A..TVLGQP 1 4-h

Figure 1. Deduced amino acid sequences of the V regions of the light chains of the anti-DNP-
SL monoclonal antibodies AN01-AN12. Numbering system according to Kabat et
al. (1987). From Leahy et al. (1988).

of these antibodies was essentially accidental, and we might then speculate on the nature of the
primordial antigen and how its structure might be related to dinitrophenyl.

'
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1I I I I I AB

ANO2 MRVLILLWLFTAFPGILSDVQLQESGPGLVKPSQSQLTCTVTGYSITSDYAWN WI
ANO1 .K..S..Y.L. .I......................L .. S ........ G.Y..
ANO3 .K..S..Y.L..I ...................... L ... S5........ GY..
AN07 ....... C ................... D ...... L ............ G.S.H
AN05 ME.HW.F.F..SVTA.VH.QF.P.Q..AE.A..GA.VKHS.KAS..TF..YWMH .V
ANO6 ME.HW.F.F..SVTA.VH.Q..P.O..AE.A..GA.VKMS.KAS ... F.RYWMH .V
AN04 MGWSW.F.F.LSGTA.VHCQI. .KO.. .E .... GA.VKIS.KAS... F.DY.IN .V
AN09 MGWSY.I.F.VATATDVH.Q .... QP.AE .... GA.VK.S.KAS..TF. .YWMH .V
AN11 MSW.F.F.LSGTA.VH.E .... Q...E, .R.GA.VKMS.KAS. .TF..YVMH .V
AN12 MEWNWVV.F.LSLTA.VYAQG.M.Q. .AE .... GA.VK.S.KTS.FTFR.S.IG .L
ANO8 MEWLWN..F.MA.AQS.QAOI..VQ, . ,E.K..GETVRIS.KAS..TF.TAGIO .V

AN10 MNFGFS.IF.VLVLK.VQCE.K.V...G ..... GG.LK.S.AAS.FTFS.YAMS .V

40 52 53 60 70 82 83 90

1 ABC I I ABC

AN02 RQFPGNKLEWMGYMS YSGSTRYNPSLRSRISITRDTSKNOFFLQLKSVTTEDTATYF
ANO. ............. IN .D.RNN ..... KN ............... K ............ Y
ANO3 ............. IN .D.NNN ..... KN ............... K.N .......... Y
ANO7 ..... H ....... IH ..... N ..... K .................. N .......... Y
ANO5 K.R..QG... I..INP NT.Y.V..QKFKDKATL.A.K.SSTAYM..S.L.SD.S.V.Y
ANO6 K.R..QG... I ..INP ST.Y.E. .QKFKDKATL.A.K.SSTAYM..S.L.S. .S.V.Y
AN04 K.K. .QG ... .I.WIYP G. .NNK. .EKFKGKATL.I . .. SSTVYI. .S.L.S .... V..
AN09 . .R..0G... I.EINP SN.R.N..EKFK.KATLNV.K.SSTAYM.IS.L.S..S.V.Y
ANl K.K..QG...I..INP .NDG.K..EKFKGKATL.S.K.SSTAYIE.S.L.S..S.V.Y
AN12 K.K. .0S .. .IAWIYA GT.G.S..QKFTGKARL.V ... SSTAYM.FS.L ... S.I.Y
ANO8 OKM. .KG.K.I.WINT R..VPK.AEDFKG.FAFSLE. .ASTAY. .ISNLRND ... A..
AN1O . .T.ERR. . .VASI. SGYI.Y.PD.VKG.FT.S. .NAR.ILY..MS.LRS .... M.Y

95 100 105 110

I ABCDEFGHIJK I I

AN02 CARGWP LAYWGQGTQVSVSE
ANO1 . . .EDDGYYI FD ..... STLT. .S
AN03 ., .EGYGYF FD ...... TLT. .S
AN07 .. .VIYYYGSSYV WF ....... L.T. .A
ANO5 ..YYGSS YFD ...... TLT..S
AN06 ..HYGRS YFD ...... TLT..S
AN04 .V.YGYDG FG ...... L.T..A
ANO9 ... R.GSYVGG F ...... NM.T..A
AN11 ... FGYYGR YWYFDV..A..T.T..S
AN12 ... WD.INRG F ....... L.T..A
ANOS .G.TDYYGST YYAMD ..... SS.T..s
AN1O ... WGHRYDVL D ...... S.T..S

Figure 2. Deduced amino acid sequences of the V regions of the heavy chains of the anti-
DNP-SL monoclonal antibodies ANOI-AN12. Numbering system according to
Kabat et al. (1987). From Leahy et al. (1988).

MATERIALS AND METHODS

Southern Blot Analysis

Balb-c genomic DNA was isolated from the livers of Balb-c mice as described in Maniatis et
al. (1982). AN02 genomic DNA was similarly isolated from AN02 antibody producing
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hybridoma cells. Each of these DNAs were digested with a series of restriction enzymes and
analyzed by the method of Southern (1975). The probes used in the hybridization were prepared
from the variable regions of the light and heavy chain coding sequences of an AN02
containing plasmid. The light chain probe was a 1000 base pair fragment made by digesting the
AN02 genomic kappa chain clone with BglII and PpuMI. This probe begins approximately
800bp 5 to the variable region. The heavy chain probe was a 600bp fragment isolated as an
Xbal and EcoRI fragment from an AN02 heavy chain clone which extends to within 40 base
pairs of the end of the variable region. The probes were labelled using Pharmacia's oligo
labelling kit with c-32P dCTP (New England Nuclear) as label. The hybridizations were
carried out as described in Maniatis (1982) at 42 degrees Celsius with formamide concentrations
ranging from 35% to 50%.

Germline gene cloning and sequencing

Balb-c liver DNA was digested with the appropriate restriction enzyme, size selected on an
agarose gel and isolated using an International Biotechnology Unidirectional Electroelutor.
Libraries were made by ligating these fragments into either lambda ZAP or lambda NM590.
Recombinant phage DNA was packaged as described in Maniatis (1982) and the resultant
libraries were screened using either the heavy or light chain probe. Positive clones were purified
and subcloned into pUC322 from lambda NM590 or excised from lambda ZAP into its
pBluescript phagemid. The plasmid clones were mapped with 15 to 35 combinations of single
and double restriction digests. The clones were subcloned again into M13 vectors and
sequenced by the dideoxy method with a-35S dATP as label (New England Nuclear).

RESULTS

Rearrangement of Balb-c DNA

Genetic rearrangement as indicated by restriction fragment length polymorphism is
evidenced by the results of the Southern blot experiments shown in Figures 3 and 4. In the case
of the heavy chain for AN02, the DNA sequence of the variable region was known to share
97.6% sequence identity with a heavy chain Balb-c germline sequence named SB32 and with the
variable region of a gene isolated from an IgM producing hybridoma LB8 published by Dzierzak
et a]. (1986). The hybridization of fragments obtained by digestion with the enzymes EcoRI,
HindlIl, and XbaI shows a pattern consistent with what had been seen previously, namely
hybridization to a 2.4 kb EcoR! fragment, an 7.5 kb HindlIl fragment, and a 7.0 kb XbaJ
fragment. The AN02 genomic heavy chain gene is known to be contained on a 4.6 kb EcoRl
and a 1.9 kb Xbal fragment (G. Rule unpublished data). These fragments are seen to hybridize
as would be expected. Our assumption then was that a Balb-c germline variable region gene
which was contained on 2.4 kb EcoRI and 7.0 kb XbaI fragments was rearranged by the
processes of recombination and somatic mutation such that it rested on 4.6 kb EcoRi and 1.9 kb
Xbal fragments in the AN02 genome. The results for digestion with HindUll are less clear, since
the size of the restriction fragment which contains the AN02 genomic heavy chain gene is not
known. The patterns seen in the double digestion with Xbal/HindIll and Xbal/Kpnl, indicate
that the single band in the Xbal lane results from more than one germdine variable region.

In the case of the light chain a large number of fragments cross hybridize with the AN02
light chain probe indicating that the AN02 kappa variable gene comes from a large family of
related germline genes. Most of the hybridizing bands seen in the Balb-c lanes are matched by
equivalent bands in AN02. The major difference is that a 3.7 kb HindII fragment hybridizes
with approximately twice as much intensity in Balb-c as in AN02. This pattern would be
expected if only one of the allelic light chain containing chromosomes were recombined during
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the differentiation of the AN02 producing B lymphocyte and if the rearranged germline variable
gene were situated at the 3'end of the family of cross reacting variable regions. Further
evidence that the AN02 light chain germline is contained on a 3.7 kb Hindul fragment comes
from performing the hybridization under more stringent conditions. Only the bands at 3.5, 3.7,
and 3.9 kb appear, and the 3.7 kb band is the most intense.

35% 50%

0 0 1 0 a

C CD-1 -

i t0o Z- 00

23kb4

9.4kb -

6.6kb *

4.4kb jib

2.3kb.
2.3Okb

Figure 3. Southern blot results using the light chain probe. AN02 hybridoma, and Balb-c
genoniic DNA were digested with HINDII and EcoRi. Fragmant sizes were
internally referenced by including HINDM digested lambda DNA in the gel and as a
radiolabelled probe. Shown are experiments, in which the hybridizations were
carried out in 50% and 35% formaniide.
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Figure 4. Southern blot results using the heavy chain probe. AN02 hybridoma and Balb-c
genomic DNA were digested with the same enzymes. Fragmant sizes were
internally referenced by including HINDIII digested lambda DNA in the gel and as a
radiolabelled probe.

Cloning and sequencing of germline genes

To determine whether the SB32 gene was indeed the germline gene for AN02 or if a gene
with even more sequence identity exists, the 7.0 kb Xbal as well as the 7.5 kb HindIll
fragments were ligated into lambda ZAP and lambda NM590 respectively. Multiple positive
clones were purified and sequenced from both libraries and in each case a germline gene was
obtained that was more than 99% sequence identity to the heavy chain variable region of the
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antibody AN07 and only 92% sequence identity to AN02. Since the antibody AN07 has a
lambda type light chain, the complete germline configuration of AN07 could be deduced. The
inability to find the SB32 germine gene or any other AN02-like gene in the Xbal or HindIlI
libraries upon sequencing 14 independent clones indicated that there may have been a systematic
problem with the vectors or hosts used in the cloning process. To better understand the
clonability of these variable genes, as well as to obtain partial sequence data for other germline
variable regions, a library was constructed which contained EcoRI/XbaI Bab-c DNA fragments
of approximately 600 base pairs in length. Two AN02-like genuline genes were sequenced
from this library in the five clones which have been purified. One of these was the SB32
germline, the other was a gene that was only 87% similar to AN02.

For the light chain germline gene libraries were made in lambda NM590 with Hindu
fragments of approximately 3.5, 3.7, and 3.9 kb. Positive clones were purified and sequenced
in each case. Two light chain germline genes were found on the 3.5 kb fragments which were
94% similar to the AN02 light chain, one was found on the 3.9 kb fragment that was 96%
similar, and one was found on the 3.7 kb fragment which had more than 98% sequence
identity. This is assumed to be the germline gene for the light chain variable region of AN02.

Construction of antibody genes in the recombined germline state.

In order to investigate the binding properties of the IgM class antibody which was found on
the surface of the lymphocyte clone that eventually mutated into AN02 or AN07, it is necessary
to first make genetic constructs which reflect the sequence of this germline antibody and then
express these constructs in a suitable system. Taking the variable regions described above as the
true germline variable genes, the remainder of the recombined antibody genes can be found in
the germline joining and diversity sequences which have been well characterized (Kabat et al.
1987). For AN07 the diversity segment DFL16.1 and the joining segments 3-I3 and JLl were
used. For AN02 the diversity segment was too short to determine unambiguously while the
joining segments JI-13 and JK5 were used. The inferred protein sequence of the heavy and light
chain cDNA clones for AN02 and AN07 together with that of the corresponding germline
variable regions, diversity segments and joining regions recombined in the proper reading frame
are shown in Figures 5 and 6. In each case more than 97% of the protein residues for each

1 10 20 27 30 40 so

I I I ABCDEF I I I

AN02 QIVLTQSPAIMSASPGEKVTMTCSASS SVYYMYWYOQKPGSSPRLLIYDTSNL
K5a ............................. S .......................

AN07 QAVVTQESA LTTSPGETVTLTCRSSN GAVTTSNYANWVQEKPDHLFTGLIGGTNNR
Lva ......... ................ T ..............................

60 70 80 90 95 100 106

I I I I ABCDEF I A

AN02 ASGVPVRFSGSGSGTSYSLTISRMEAEDAATYYCQQWSSYPP ITFGVGTKLEL KR
K5a ........................................... .... A ....... ..

AN07 APGVPARFSGSLIGDKAALTITGAOTEDEAIYFCALWYSNH LVFGGGTKLTVLG
Lvi ... ... . .... ...... ..... ....... .... oo . ....... oo

Figure 5. Sequences of AN02 and ANO7 light chains compared with their germline gene
sequences. Numbering as in Kabat et al. (1987).
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1 10 20 30 35 40 52 53 60

I I 1 I AB I ABC I

AN02 DVQLQESGPGLVKPSQSQSLTCTVTGYSITSDYAWN WIRQFPGNKLEWMGYMS YSGSTRYNP
Gan2 . ................. L .................. ............... I ..... S...

AN07 DVQLQESGPDLVKPSQSLSLTCTVTGYSITSGYSWH WIRQFPGHKLEWMGYIH YSGSTNYNP
G12a .................................... ....... N ......... .........

70 82 83 90 95 100 105 110

I ABC I I ABCDEFGHIJK I I

AN02 SLRSRISITRDTSKNFFLLKSVTTEDTATYFCARGWP LAYWGQGTQVSVSE
Gan2 ..K................... N .......... Y. .. XXX X ....... L.T..A

AN07 SLKSRISITRDTSKNQFFLOLNSVTTEDTATYYCARVIYYYGSSYV WFAYWGQGTLVTVSA
G12a . ................................... ...... XX

Figure 6. Sequences of AN02 and AN07 heavy chains compared with their germline gene
sequences. Numbering as in Kabat et al. (1987).

antibody can be assigned to their germline states. The ambiguities that exist occur at the
junctions between the variable regions, joining, and diversity segments. At splice junctions it is
impossible to determine which germline splice partner donated the germline sequence since
mutation after recombination could convert one sequence into the other. Compounding this
problem in the heavy chains is the mechanism of nucleotide insertion which can place random
nucleotides into the V-D and D-J junctions during recombination. However, given that the
observed mutation rate in antibody genes during somatic diversification is approximately 0.5%
(Gearhart et al. 1983), the small set of ambiguous nucleotides is highly likely to have been the
same in the germline as in the mature antibody gene. In the worst case, AN02 with 11
ambiguous nucleotides, the probability is still approximately 95% that the inferred protein
sequence for all of these codons correctly represent the germline.

Future studies

Site specific mutatgenesis has already been used to change the AN02 light chain cDNA
clone into the germline gene sequence defined above. Progress is currently underway to
construct the other germline genes from the cDNA clones by either site directed mutagenesis or
where suitable restriction sites exist, by replacement with the germline DNA itself. These
constructs will then be used in an expression system from which mutant protein can be obtained.
Studies will then center on characterizing these proteins in terms of their binding affinities and
kinetics for various DNP derivatives.

DISCUSSION

The results of the germline sequencing for AN07 indicate that very little somatic mutation
occurred for this antibody. Only two residue changes exist between the known germline genes
and the cDNA clones. One of these is removed from the complementary determining regions
and is not considered to be a factor. The other occurs in CDR 1 of the light chain. Modelling
studies suggest that this residue is removed from the binding pocket and will not be in contact
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with the bound hapten. Thus we expect the germline antibody and AN07 to have the same
affinity for the DNP haptens.

The AN02 germline has a total of 11 residue differences from the sequence of AN02,
however only 3 of these occur in the hypervariable loops. Although two of these occur in
residues of the second hypervariable loop of the heavy chain they are well removed from our
model of the binding pocket and are unlikely to have any significant effect on the binding of the
hapten. The residue change in CDR 2 of the light chain, Ser in the germline to Tyr in AN02 at
position 31, can also be considered unimportant since NMR studies of tyrosines have implicated
only one tyrosine, Tyr34L, as being in contact with the hapten (Rule et al., in preparation). We
believe that the antibody in its germline state will have a similar affinity and show similar kinetics
to the mature antibody as far as the DNP haptens are concerned.

The plausible assumption that the germline antibodies bind DNP haptens leads us to the
conclusion that the DNP specificities of these antibodies axe essentially accidental since the
germline genes could have only experienced evolutionary pressure in response to naturally
occurring antigens. The question then arises as to what the primordial antigen might have been.
For example, on the molecular scale, was it big or small? Our NMR studies of the antibodies
ANO, AN02, and AN03 show a remarkably large concentration of aromatic residues, especially
tyrosines, in the combining site region. In our most studied molecule, AN02, there are 8-10
tyrosine residues in this region (Anglister et al., 1984), many more than could possibly all be in
contact with the hapten. Further, as will be discussed elsewhere (Rule et al., in preparation), the
sharp proton resonance signals from these residues, with one notable exception, show almost no
change on hapten binding, leading us to believe they play no functional role in the binding of
DNP haptens. Kinetics studies of antibody-hapten binding also support the view that no
significant change in protein structure takes place on hapten binding. We therefore suggest that
the primordial antigen recognized by these germline genes was large, with a size of the order of
a protein antigen. Studies of other antibody-protein complexes (Amit et al., 1986; Sheriff et al.,
1987) typically show that the antibody recognition area is large, on the order of 700 square
angstroms of interface. Furthermore, AN02 has been shown to be a cryoglobulin (Theriault et
al., in preparation), indicating a possible role for the binding site aromatic residues in idiotype-
antiidiotype regulation, the idiotype here being self protein. These ideas will be developed in
fuller detail elsewhere.
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